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The results of our researches of the influence of exponentially distributed surface centers on 
the effective surface recombination rate and the parameters of silicon solar cells (SCs) are 
reported. In our calculations, we assumed the acceptor and donor surface states to lie in the 
upper and lower, respectively, parts of the bandgap. The model also supposed a discrete surface 

S level to exist in the middle of the energy gap. In the case where the integrated concentration of 

continuously distributed centers is comparable with that of deep surface levels, those centers can 
——t • affect the SC parameters only due to the recombination. If the concentration of continuously 

f—\ [ distributed centers is comparable or higher than the concentration characterizing a charge 

Q ■ built-in into the insulator, those centers directly affect the surface band bending and the photo- 

£_) ' induced electromotive force. With the help of a computer simulation, the conditions for the rate 

of surface recombination through continuously distributed surface centers to exceed that through 
the deep discrete level are determined. A decrease of the open-circuit voltage in inverted silicon 
SCs associated with the recombination through continuously distributed centers is calculated. 
f ^ , The obtained theoretical results are compared with the experimental data. 

OO ' Keywords: influence of surface centers, surface recombination, silicon solar cells. 

1. Introduction dence of their density on the energy-the so-called 
Nowadays, researchers deal with a quite consider- continuously distributed surface states-can be real- 
able number of semiconductor interfaces, the prop- lzed " Information concerning the charge charactens- 
erties of which are substantially governed by surface tics of the S t. Sl0 2 interface was summarized, e.g., in 
electron states. Such objects include, in particular, monograph [1|]. In particular, it was shown in work 
the interface between a semiconductor and an insu- W that the consideration of the exponential distri- 
lator. The charge characteristics of those interfaces butl0n of surface centers m the slllcon bandgap into 
have been studied more completely than the recom- account allows one to ex P lam the experimental re- 
bination ones. While studying the former, it was sults ° bta med, while studying the generation param- 
found that the acceptor surface states are located, 
as a rule, in the upper part of the energy gap and 
the donor surface states in the lower one. Depend- As to the mechanism of surface recombination far- 
ing on the energy, the surface states with either a mation, it is supposed in modern works on this sub- 
peak-like distribution or with the exponential depen- J ec t that a discrete surface level located near the mid- 
dle of the energy gap makes a crucial contribution to 
(c) V P KOSTYLYOV A V SACHENKO ^he recombination. The same can be said about works 
I.O. SOKOLOVSKYI V.V. CHERNENKO devoted to the analysis of the surface recombination 
T.V. SLUSAR, A.V. SUSHYI, 2013 in solar cells on the basis of single-crystalline silicon 
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eters of silicon-based metal-insulator-semiconductor 
structures. 
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(see, e.g., works [2,l3|, in which either silicon diox- 
ide or aluminum oxide was used to reduce the surface 
recombination rate). 

Researches of such promising versions of silicon so- 
lar cells as elements with rear-side metallization have 
been activated recently [4j-l6(. In those elements, the 
task to minimize the rate of surface recombination on 
the illuminated surface is extremely challenging. 

This work is aimed at analyzing the relation be- 
tween the contributions made to the surface recombi- 
nation by surface levels located near to and far from 
the middle of the energy gap, as well as its depen- 
dence on the Fermi level position at the surface. It 
is shown that, under certain conditions, the contribu- 
tion of remote surface levels to the recombination can 
substantially exceed the deep-level contribution. The 
influence of exponentially distributed surface states 
on the open-circuit voltage and the short circuit cur- 
rent in silicon-based solar cells has been analyzed. 

2. Formulation of the Problem 

According to work [1(, let us consider the Si-SiC>2 
interface and suppose that the acceptor surface lev- 
els are located in the upper half of the silicon energy 
gap, the donor surface levels are in the lower half, 
and their concentrations exponentially grow, while 
approaching the corresponding band edges; in addi- 
tion, there is a discrete surface level near the energy 
gap middle-point. Let us analyze their contributions 
to the surface recombination taking into account that 
their cross-sections and, accordingly, the coefficients 
of electron and hole capture change with the energy, 
as was described in work (l|. More specifically, the 
cross-section of the hole capture by acceptor states 
grows, whereas the same parameter for electrons de- 
creases, as the distance from the middle of the energy 
gap increases, with the energy dependence for the 
cross-sections being steeper than that for the center 
concentration. For donor levels located in the lower 
half of the energy gap, the cross-sections of the elec- 
tron capture grow, whereas those of the hole capture 
decrease. For the sake of simplicity, let the system 
of centers be symmetric. In the middle of the energy 
gap, there is a discrete surface level with concentra- 



J 



tion Nt ■ In addition, the concentrations of donor and 
acceptor centers per unit energy interval and the co- 
efficients of electron and hole capture by continuously 
arranged surface levels behave themselves as follows: 

N a (E)=N Qa exp{E/E ), 
N d {E) = N od exp{-E/E ), 
C na (E) = C exp(-E/E r ), 
C nd (E) = C exp(-E/E r ), 
C pa {E) = C exp(E/E r ), 

C pd (E) = C ex V (E/E r ). (1) 

Here, No a and Nod are the concentrations of donor 
and acceptor centers, respectively, per unit energy 
interval at the energy-gap middle point; Cr, is the 
capture factor at E = 0; and Er, and E r are the char- 
acteristic energies of variations in the concentration 
and the capture cross-section, respectively. 

From the electroneutrality equation for the system 
with regard for the recharging of surface levels at the 
illumination, the dimensionless nonequilibrium band 
bending y s can be determined. Let us include the 
charge built-in into the insulator, 2Vi ns = Qm S /q, in 
the electroneutrality equation. Then, in the case of 
an n-semiconductor, the equation looks like 

EJ2 



N Qa exp(E/E )f a (E)dE - NJ(E t ) - N ins + 

U 

+ J N Qd exp(-E/E )(l-f d (E))dE + 

-EJ2 

w 

+ 2N d L D ^y~ s + {po + Ap) / cxp(-y)dx = 0. (2) 

o 

In this expression for donor and acceptor centers, 



f(E) 



C n {E)n{Q) + C p (E)n t exp{-E/kT) 



C n {E)(n(0) + n z exp(-gO) + C p (E)(p(0) + n % exp(--f )) 
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is the nonequilibrium Fermi distribution for the sur- 
face level with energy E and the capture factors 
C n (E) and C P (E) for electrons and holes, respec- 
tively; no and po ar e the equilibrium concentrations of 
electrons and holes, respectively, in the bulk; and n(0) 
and p(0) are the same quantities, but at the semicon- 
ductor surface. We also use the following notation: n^ 
is the concentration of charge carriers in the intrin- 
sic semiconductor, E g the energy gap width in the 
semiconductor, Lu the Debye screening length, N d 
the bulk concentration of completely ionized donors, 
w the thickness of the space charge region (SCR) in 
the semiconductor, k the Boltzmann constant, and 
T the temperature. The energy E is reckoned from 
the middle of the energy gap at the semiconductor 
surface. 

In order to find a relation between the surface and 
bulk concentrations of nonequilibrium charge carri- 
ers, let us use the approximation of constant Fermi 
quasilevels for electrons and holes in the SCR. In this 
case, for the injection level Ap, 



n(0) = (n + Ap)e v % 
p(0) = (po + Ap)e-»' 



(3) 

(4) 



In Fig. 1, the theoretical dependences of the sur- 
face photovoltage (in millivolt units) on the in- 
jection level calculated with the use of Eqs. (1)- 
(4) are depicted. The calculations were carried 
out for iVi ns = 10 12 cm~ 2 , and the varied calcu- 
lation parameter was the concentration of expo- 
nentially distributed surface levels No d (it has the 
dimensionality of cm 2 /eV). The highest photovoltage 
values were obtained in the cases No d = (curve 1) 
and Jq 9 ' 2 N od exp(E/E )dE < N ins (curve 2). If the 
integrated concentration of exponentially distributed 
surface centers is comparable with N- ms , the photo- 
voltage magnitude decreases, and the strongest de- 
crease takes place at large enough injection levels 
(curves 3 and 4 ) ■ This is a manifestation of the effect 
when a charge built-in into an insulator is screened 
by the charge of surface centers. 

With regard for Eqs. (3) and (4), the den- 
sities of surface recombination fluxes, i.e. the 
density of recombination currents normalized by 
the electron charge q that flow through the dis- 
crete surface level and through the continuously 
distributed acceptor and donor levels are equal, 
respectively, to 



J 



Jrt — 



C nt C p tN t ((n + Ap)( Po + Ap) - n 2 ) 



C nt (n(0) + n t cxp(E t /kT)) + C pt ( P (0) + n % cxp(-£ t /fcT)) : 

EJ2 



j = , C na (E)C pa (E)N 0a cxp(E/E )((n a + Ap)( Pa + Ap) - n 2 ) 

' C na (E)(n(0)+n l exp{E/kT)) + C pa (E)(p(0) + n t exp(-E/kT)) ' 



(5) 
(6) 



/• C nd (E)C pd (E)N od exp(-E/E a )((n + Ap)(p + Ap) - nj) 

rd J C nd (E)(n(0)+n lC xp(E/kT)) + C pd (E)(p(0)+n t cxp(-E/kT)) 

-Eg/2 



(7) 



The surface density of the total recombination flux is 
determined by the expression 



Jr — <Jrt ~T~ Jra \ Jrd- 



(8) 



Knowing the recombination fluxes, we can find the 
effective rates of surface recombination through the 
corresponding levels, 

S t = J rt /Ap(U), S a = J ra /Ap(U), 
364 



S d = J rd /A P (U) 



(9) 



as well as the total effective rate of surface recombi- 
nation, 



o s — &t ~r o a + D d . 



(10) 



One can see from expressions (5)-(10) that the effec- 
tive rate of surface recombination through the deep 
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Fig. 1. Theoretical dependences of the surface photovoltage 
on the injection level. The calculation parameters are iVi na = 
= 10 12 cm" 2 , n = 10 15 cm" 3 , and N od kT = (1), 2 X 10 9 
(2), 1.5 x 10 10 (3), 



and 2 X 10 lu cm" 2 (4) 



10 10 

Ap, cm"* 
Fig. 2. Theoretical dependences of the effective surface 
recombination rates S s (1), St (2), Sj (3), and S a (4) on 
the injection level. The calculation parameters are N- lns = 0, 
n = 10 15 cm -3 , and N od kT = 2 X 10 9 cm -2 



discrete level can be determined using a standard pro- 
cedure. At the same time, to find the effective rates 
of surface recombination through continuously dis- 
tributed centers, it is necessary to integrate the re- 
combination fluxes through the acceptor and donor 
levels over the energy. 

3. Discussion of Results 

In Figs. 2 and 3, the dependences of the total effective 
surface recombination rate S s and the effective re- 
combination rates of surface recombination through 
the deep level, St, and the acceptor, S a , and donor, 
Sd, states on the quantity Ap calculated for the cases 
-'Vms = and I0 12 cm~ 2 , respectively, are depicted. 
The following parameters were used at calculations: 
N 0a kT = 2x I0 9 cm- 2 , N t = I0 11 cm" 2 , C nt = C pt = 
= ICT 9 cm 3 /s, Et = 0, C* = f(T 9 cm 3 /s, E = 
= 7.7kT, E r = 2.25fcT, and T = 300 K. Note that 
the values taken for Eq and E r correspond to those 
quoted in work [l(. One can see that, for the selected 
Eq and E r values, the concentrations of continuously 
distributed levels grow more slowly than the coeffi- 
cients of hole capture by acceptor levels and electron 
capture by donor levels. It should be noted that, at 
the used Nt and A^ ns values and No a kT = NodkT = 
= 2x f 9 cm~ 2 , the presence of surface levels weakly 
affect the magnitude of y s (see curve 2 in Fig. 1). 

In the case N ns = (see Fig. 2), the effective 
rates of surface recombination through the continu- 
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Fig. 3. Theoretical dependences of the effective surface recom- 
bination rates Ss (1), Sd (2), St (3), and S a (4) on t ne injec- 



tion level. The calculation parameters are TVi, 



in 1 



n = 10 1 



3 , and N 0d kT = 2 X 10 9 



ously distributed states are low in comparison with 
that through the deep surface level. In this case, 
the dependence of the effective surface recombination 
rates on the injection level in the recession interval is 
approximated well by the dependence Ap -05 , which 
is typical of the recombination in the SCR [7J. In 
the case where the concentration of continuously dis- 
tributed levels increases with the energy more rapidly 
than the cross-sections of electron and hole capture 
change, i.e. the inequality Eq < E r is obeyed, and the 
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Fig. 4- Theoretical dependences of the effective surface re- 
combination rates S s (1), S a (2), St (3), and S^ a (4) on 
the injection level. The calculation parameters are N- lns = 0, 
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10 19 cm" 3 , and NndkT = 2 x 10 9 cm- 



integrated concentrations of continuously distributed 
levels are comparable with the concentration of deep 
levels, the rates S a and Sd dominate. 

In the case A^ ns = 10 12 cm -2 (see Fig. 3), the con- 
tribution of continuously distributed donor levels to 
the surface recombination rate substantially exceeds 
that of the deep discrete level, and the total surface 
recombination rate is much higher than the value ob- 
tained above, when only the recombination through 
the deep surface level was taken into account. The 
dependences of the rates of surface recombination 
through the deep discrete level and the continuously 
distributed acceptor levels on the injection level mag- 
nitude are typical of those obtained in work [8] in 
the case of inversion band bending, but the same de- 
pendence for the effective surface recombination rate 
through the continuously distributed donor levels is 
not. In particular, the quantity Sd does not depend 
on the injection level firstly; then, it increases a little 
and, afterward, starts to decrease. 

It should be noted that, for the parameter set used 
while plotting Fig. 3, the integrated concentrations 
of continuously distributed surface levels are close to 
that of the deep surface level. At the same time, the 
effective rate of surface recombination through the 
donor states considerably exceeds that through the 
deep level, and the rate of recombination through the 
acceptor states is much lower than that through the 
deep level. This can be explained by the fact that, 



in this case, the Fermi level at the surface is located 
considerably lower than the middle of the energy gap, 
and, as a result, the recombination fluxes from the 
conduction and valence bands onto the donor levels 
are rather close, although they are considerably dif- 
ferent for the deep level and the acceptor states. 

In Fig. 4, the theoretical dependences of the effec- 
tive surface recombination rates on the injection level 
are exhibited for the case of a heavily doped semi- 
conductor, when the bulk concentration of electrons 
amounts to 10 19 cm -3 . In this case, there is a very 
small depletion band bending at the semiconductor 
surface, y s (An = 0) w —0.01; and the rate of recom- 
bination through the continuously distributed accep- 
tor levels dominates. The latter considerably exceeds 
the rate of recombination through the deep level at 
low injection levels, but diminishes as the injection 
level grows further. 

Therefore, if the continuously distributed surface 
levels can substantially affect the magnitudes of sur- 
face band bending and photovoltage, when the in- 
tegrated concentrations of those states become com- 
parable with ./Vins, then the effective rates of surface 
recombination depending on them can considerably 
exceed the rate of surface recombination through the 
deep level at much lower integrated concentrations, 
when they are comparable with the deep level con- 
centration. 

The growth of the effective surface recombination 
rate Sd with Nod results in a reduction of the injec- 
tion level under open-circuit conditions, which should 
indirectly affect the voltage in the open circuit, by 
reducing it. To determine the injection level (the ex- 
cess concentration) under open-circuit conditions in 
silicon SCs with the inversion channel, we must solve 
the equation of balance between generation and re- 
combination. In the case of thin (in comparison with 
the diffusion length) SCs, this equation looks like 



J g = (So(Ap) + Sd(A P ) + d/ TcS {Ap))Ap, 



(11) 



where J g is the generations flux, So the effective sur- 
face recombination rate at the illuminated front sur- 
face of SC, Sd its value at the rear surface, d the SC 
thickness, and r e s the effective time of bulk recom- 
bination with regard for both linear and nonlinear 
mechanisms of bulk recombination in silicon [4| . 

Figures 5 and 6 demonstrate the dependences of Ap 
magnitude in inverted silicon SCs under AM 1.5 con- 
ditions and the open-circuit voltage Vfoc , respectively, 
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Fig. 5. Theoretical dependence of the injection level under 
AM 1.5 conditions on the quantity Nq^. The calculation pa- 



rameters are Sd = 3 cm/s, N n 
d = 100 /Ltm, and r = 10 -3 s 
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on the concentration of continuously distributed sur- 
face centers N$d- The bottom abscissa axis in Fig. 6 
serves to indicate the corresponding injection levels. 
Curve 1 corresponds to the case NodkT = 10 9 cm~ 2 , 
curve 3 to the case N^kT — 10 10 cm -2 , and curve 2 
was plotted for NodkT varying from 10 9 to 10 10 cm -2 . 
In the latter case, the exponentially distributed sur- 
face centers practically do not influence the magni- 
tude of Voc- As one can see from Fig. 6, when the 
quantity NodkT reaches a value of 10 10 cm~ 2 , the 
magnitude of Ap* decreases rather strongly, whereas 
Vbc diminishes by approximately 10%. 

In Fig. 7, the dependences of the short-circuit cur- 
rent density Jsc in silicon SCs with a metallized rear 
surface and under AM 1.5 conditions on the con- 
centration of continuously distributed surface centers 
Nod are shown for the case where there is the con- 
ductivity inversion at the SC front surface owing to 
the charge built-in into the insulator. As one can 
see from the figure, a reduction of Jsc as Nd grows, 
which is connected with the increase in the effec- 
tive rate of surface recombination at the front sur- 
face, is rather substantial and can reach 17%, pro- 
vided that the integrated concentration of continu- 
ously distributed centers and the concentration of 
deep levels are equal to each other (at NodkT = 
= 3 x 10 10 cm' 2 ). Hence, the influence of contin- 
uously distributed surface centers on the parameters 
of inverted silicon SCs owing to both the screening 
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Fig. 6. Theoretical dependences of the open-circuit voltage 
Voc on ^0d (the top abscissa axis) and the corresponding in- 
jection level (the bottom abscissa axis) for inverted silicon SCs 
under AM 1.5 conditions. The calculation parameters are the 
same as in Fig. 5 
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Fig. 7. Theoretical dependence of the short-circuit current 
density in silicon SCs with a rear metallization on Nq^ under 
AM 1.5 conditions. The calculation parameters are iVi ns = 
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and the enhancement of surface recombination can 
be strong enough. 

While comparing the results presented in Fig. 7 for 
the dependence of the short-circuit current density in 
the SC with the metallized rear surface and the re- 
sults of numerical 2D simulations described in work 
[6| (see Fig. 6), it becomes evident that they agree 
not only qualitatively, but also quantitatively. The 
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Fig. 8. Theoretical dependences of the open-circuit volt- 
age Vbc on the short-circuit current calculated by the for- 
mulas of work [9| (curves 1 and 2) and by expression (12) 
(curve 3). The experimental (points) and theoretical (curves) 
dependences Voc(^sc) f° r the SCs with the base of n- or p- 
types are shown in the inset 

matter is that a reduction of the phototransforma- 
tion efficiency in SCs with rear metallization occurs 
mainly owing to the growth of the surface recombi- 
nation rate at the illuminated surface. Using the cal- 
culation parameters given in work [5j, one can easily 
get convinced that the increase in the concentration 
Nd(E) of exponentially distributed donor surface cen- 
ters within the limits shown in Fig. 7 corresponds to 
the growth of the surface recombination rate in the 
interval from 1 to 10 4 cm/s exhibited in Fig. G of work 
[5]. The corresponding reduction in the short-circuit 
current density completely correlates with the reduc- 
tion of the phototransformation efficiency in SCs with 
rear metallization with respect to both the amplitude 
and the reduction rate. 

Now, let us estimate the influence of exponentially 
distributed surface centers in the case of diffusion 
silicon SCs. As the results shown in Fig. 4 testify, 
the effective rate of surface recombination in a heav- 
ily doped layer substantially increases owing to the 
continuously distributed acceptor states. In diffusion 
SCs, this configuration corresponds to the base of the 
p-type. As was shown, e.g., in work [8|, the effec- 
tive ssurface recombination rate decreases in this 
case owing to both a stronger doping of the n-type 
region created near the front surface and as a result 
of its confinement by the rate of charge carrier de- 



livery to the heavily doped layer. The dependences 
of the open-circuit voltage Voc on the injection level 
can be calculated with the use of expressions given 
in work [9]. In Fig. 8, the corresponding plots are 
exhibited for CSs with the p-type base. Curve 1 was 
plotted with regard for the recombination through 
the continuously distributed acceptor surface levels, 
and curve 2 involves only the surface recombination 
through the deep level located in the middle of the 
energy gap. Curve 3 is described by the expression 



y OC (Ap) = 0.0259 A ln(Ap/po). 



(12) 



Here, A is the factor of CVC non-ideality, and po the 
equilibrium concentration of holes in the base bulk. 
As one can see from curves 1 and 3, they are in quite 
a good agreement if A = 1.12 and p = 10 7 cm~ 3 . 

The inset in Fig. 8 demonstrates the experimental 
dependences Voc (-fee) for two specimens of diffusion 
silicon SCs with the base of n- or p-type. For the 
SC with the base of n-type, the values Vbc (-fee) are 
larger than those for the SC with the base of p-type. 
The factors of CVC non-ideality for those SCs amount 
to 1.12 and 1.16, respectively, which is evident from 
the dependences calculated by the formula 



Voc{hc) = 0.0259Aln(/ sc // s ), 



(13) 



where I s is the saturation current (curves 1 and 2, 
respectively). A theoretical fitting showed that, for 
diffusion SCs with the base of n-type, the factor of 
non-ideality equals 1.12, and the saturation current 
is 3.4 x 10 -11 A. For the specimen with the base of p- 
type, A = 1.12 and I s = 2.4 x 10~ 10 A. If we take into 
consideration that the saturation current I s = qp$S s , 
provided that the rate of surface recombination con- 
siderably exceeds that of recombination in the bulk, 



10 4 cm" 



and put 5 S = 2.1 x 10 4 cm/s and po 
obtain I s w 3.4 x 10" 11 A. 

Let us rewrite expression (12) in the form 



we 



V OC (hc) =0-0259 A]n(^^\ 



;0.0259Aln 



'sc 



Then it becomes evident that dependences (12) and 
(13) are equivalent in the case A = 1.12 and S — 
= 2.1 x 10 4 cm/s. This means that the theoretical 
dependence described by curve 2 in Fig. 8 agrees with 
the experimental dependence Voc(^sc) for a SC with 
the base of n-type. 
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Note that the consideration of the surface recombi- 
nation through continuously distributed surface cen- 
ters allows not only the theoretical and experimen- 
tal dependences Voc(^sc) to be put in agreement, 
but also the difference of the CVC non-ideality fac- 
tor from 1 for diffusion SCs at high enough injection 
levels to be explained. 
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B.II. KocmuAtoe, A.B. CaneuKO, 
I.O. CoKOAoecbKuu, B.B. HepueuKO, 
T.B. Cjiycap, A.B. Cyiauti 

BHJlHB CHCTEMH IIOBEPXHEBHX 
IPEHTPIB HA EOEKTHBHY ITIBELIIKICTb 
ITOBEPXHEBOI PEKOMBIHAIPii 
TA HA nAPAMETPH KPEMHICBHX 
COHHHHHX EJ1EMEHTIB 

P e 3 to m e 

B po6oTi HaBe^eHO pe3yjit>TaTH flOcnifl}KeHHH BnjiHBy peKOM- 
6iHau,iiiHHx eKcnoHeHu,iajn>HO po3noflijreHnx noBepxHeBHx iieH- 
TpiB Ha nponecH noBepxHeBo'i peKOM6iHau,i'i Ta Ha xapaKTepn- 
cthkh KpeMHieBHx cohhhhhx ejieMeHTTB (CE). HpH po3paxyH- 
Kax BBajKajiocH, hio CHCTeMa aKu,enTopHHx noBepxHeBHx CTaHiB 
po3TauiOBaHa b Bepxmft nojiOBHHi 3a6opoHeHo'i 30hh KpeMHiio, 
a flOHopHHx noBepxHeBHx CTaHiB — b hhjkhIh. BpaxoByBajiocn 

TaKOJK, HIO 6ijIH CepeflHHH 3a6opOHeHO*i 30HH 3HaxOflHTBCH AHC- 

KpeTHHii noBepxHeBHH piBeHB. noKa3aHO, hio y Bnna^Ky, kojih 
iHTerpajiBHa KOHueHTpairm HenepepBHO po3noflijieHHx ueHTpiB 
nopiBHHHa 3 KOHu,eHTpau,ieio rjiH6oKoro noBepxHeBoro piBHH, 

BOHH BnjlHBaiOTb Ha xapaKTepHCTHKH KpeMHieBHX CE JTHHie 

3aBflHKH peKOM6iHau,ii. Y ^pyroMy BHna^Ky, kojih i'x kohhch- 
Tpaum nop^flKy mh 6ijiBina 3a KOHueHTpauiio, aKa xapaKTe- 
pH3ye B6yflOBaHHft b flieneKTpHKy 3apafl, bohh 6e3nocepeflHBO 
BnjiHBaiOTB Ha BejiHHHHy noBepxHeBoro BHrHHy 30h Ta Ha 3Ha- 
HeHHH cpOTO-epc. B pe3yjiBTaTi KOMn'iOTepHoro MOflejHOBaHHH 
BCTaHOBjieHO yMOBH, 3a mm HiBHTTKicTB peKOM6iHairi'i Mepe3 
HenepepBHO po3noflijieHi noBepxHeBi ueHTpn 6ijibnia 3a niBHfl- 
KicTB peKOM6iHau,ii nepe3 rjin6oKHH flHCKpeTHHH piBeHB. P03- 
paxoBaHO 3MeHmeHHH Hanpyrn po3iMKHeHoro Kojia b KpeMHie- 
BHX iHBepcinHHx CE, noB'5i3aHe 3 peKOM6maHieio Mepe3 Hene- 
pepBHO po3noflijieHi ueHTpn. Po3BHHyTy Teopiio nopiBHjmo 3 
eKcnepHMeHTOM. 
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